A high-performance inductorless ring VCO with wide tuning range and extended monotonic tuning voltage range (MTVR) is proposed and fabricated in standard 0.18 µm CMOS technology. By combining the crossing-strength-tuning and load-resistance-tuning techniques with opposite tuning characteristics, the MTVR for the proposed VCO can be widened significantly. The dual-delay path technique is employed to improve the oscillating frequency. The cross-coupled pair is added to reduce phase noise and guarantee reliable differential-mode oscillation over the wide tuning voltage range. With an occupied area of 475 µm × 275 µm and a single supply voltage of 1.8 V, measurement results show the proposed VCO can oscillate with a frequency range from 1.57 to 2.76 GHz, phase noise of −91.12 dBc/Hz @ 1 MHz and FOM T of 164.5 dBc/Hz @ 1 MHz and extended MTVR.
Introduction
Multiphase clocks are widely required for wireline and wireless communication systems, e.g., sub-rate clock and data recovery (CDR) circuits [1] and phased-array transceivers [2] . There exist several kinds of reported oscillators which are able to directly generate multiphase clocks, such as rotary travelling-wave oscillators [3] , cross-coupled LC oscillators [4] , LC-tuned ring oscillators [2] and inductorless ring oscillators [5] . Among them, inductorless ring oscillators are attractive because of the compact layout and no need for complicated inductor modeling. Furthermore, in order to cope with process-voltage-temperature (PVT) variations, or accommodate the desired operating frequency band, these oscillators must be capable of being tuned by a voltage (or current), known as voltage-controlled oscillators (VCOs).
Besides the phase noise, oscillation frequency, etc., the tuning characteristics of a VCO cannot be overemphasized, and have a significant effect on the function and performance of the phase-locked loop (PLL) containing the VCO. For example, the existence of zero V-to-f tuning gain (K VCO ), opposite K VCO , or even no ability to oscillate over some control voltages of the VCO, will make the involved PLL unlocked, unstable, or unable to operate. For a typical VCO, a wide monotonic tuning voltage range (MTVR) is desired, over which K VCO is constant greater than zero or constant less than zero. The MTVR of a VCO is defined as the maximum tuning voltage range over which the V-to-f tuning curve of the VCO is monotonic.
Unfortunately, the tuning characteristics of an inductorless ring VCO are usually much worse than that of its LC counterpart. Two representative delay cells presented in [6] and [7] respectively are shown in Fig. 1 . The delay cell in Fig. 1(a) is tuned by changing the load resistance realized by PMOS transistors M4-M5, and the delay cell in Fig. 1(b) is tuned by controlling NMOS transistors M6-M7 and then changing the coupling strength of cross-coupled pairs M4-M5. Ring VCOs using the above two delay cells exhibit some significant defects in terms of their V-to-f tuning characteristics. However, the two kinds of tuning techniques will be combined to achieve an optimized overall tuning characteristic for this proposed VCO.
An inductorless ring VCO with extended MTVR is proposed and designed in standard 0.18 µm CMOS technology. This paper is organized as follows. In Section 2, the VCO is proposed, designed and designed in detail. In Section 3, experimental results are given and discussed. Finally, some conclusions are drawn in Section 4.
2 Circuit design Fig. 2 (a) depicts the proposed ring VCO using the 4-stage dual-delay path topology, with omission of output buffers and the control terminal for simplicity. The even number of stages and the dual-delay path topology are used to generate I/Q clocks and increase oscillation frequency respectively. The primary loop formed by the primary delay path (thick solid line) works as a normal differential ring VCO, and the secondary loop by the secondary delay path (thin solid line) provides a pair of additional entries for each delay cell to reduce its delay time. For each delay cell, the signals for the secondary input pair are ahead of the ones for the primary input pair by =4.
The schematic diagram of the proposed delay cell is given in Fig. 2(b) , from which it can be seen the two kinds of tuning techniques appearing in Owing to the pseudo-differential structure, some special mechanisms such as the cross-coupled pair must exist in order to ensure that the VCO can oscillate in the desired differential mode. Transistors M4-M7 can play the role only at a lower control voltage, so an additional cross-coupled pair formed by transistors M10-M11 is added at the expense of decreasing oscillation speed. Another advantage of the crossed-coupled pairs is to reduce the transition times of the oscillation waveforms and then improve the phase noise of the VCO. Transistors M12-M13 are introduced mainly in order to avoid failure of oscillation and improve waveform symmetry especially in some extreme cases. For the sake of convenience, the gates of transistors M12-M13 are connected to GND.
The 2-D V-to-f tuning characteristics of the proposed ring VCO with two independent control voltages is simulated and shown in Fig. 3 . However, although two independent control terminals can provide the VCO with more freedom than one control terminal, more complex control mechanisms are required to achieve the desired performance when the VCO is embedded in PLLs or other systems. Therefore, the two control terminals V TRL1 and V CTRL2 are connected to the common control terminal V CTRL , as indicated by the dotted line in Fig. 2 .
According to Fig. 2 , the coupling strength of the cross-coupled pair formed by transistors M4-M5 and the load resistance are controlled directly by NMOS transistors M6-M7 and PMOS transistors M8-M9 respectively, responding to the same control voltage. Due to the opposite operation characteristics of NMOS transistors and PMOS transistors, the delay cell is dominated by the coupling strength tuning technique at a higher control voltage and the load resistance tuning technique at a lower control voltage respectively, which makes the overall tuning characteristics of the delay cell exhibit wider MTVR across the wide control voltage.
The frequency tuning characteristics of the three inductorless ring VCOs using delay cells depicted in Fig. 1(a) , Fig. 1(b) and Fig. 2(b) respectively, are simulated and shown in Fig. 4 . The topologies of the three VCOs are identical, just as indicated in Fig. 2(a) . It can be easily seen that the VCO using the delay cell shown in Fig. 1(a) has zero tuning gain (K VCO ) with the tuning voltage higher than 1.3 V and the VCO using the delay cell shown in Fig. 1(b) cannot oscillate with the Fig. 3 . Simulated 2-D tuning characteristics of the proposed VCO with two independent controls Fig. 4 . Simulated V-to-f tuning curves of the three ring VCOs with different delay cells tuning voltage lower than 0.5 V, whereas the proposed VCO exhibit wider MTVR than the other two by combining the above two frequency tuning techniques. It is necessary to point out that the reason why the VCO presented in Ref. [7] , using the same delay cell as shown in Fig. 1(b) , can oscillate across the whole control voltage, is the distinct different topology which can be employed for the odd-numbered-stage VCO. With that topology, the differential-mode oscillation and differential outputs can be guaranteed as the involved cross-coupled latch fails to work at a lower control voltage.
The pre-simulation and post-simulation V-to-f tuning curves of the proposed VCO with representative "TT", "SS", and "FF" process conditions are also shown in Fig. 5 . Besides, simulation results show the I/Q phase error of the proposed ring VCO is about 7°.
Experimental results
The proposed inductorless ring VCO was manufactured in standard 0.18 µm CMOS technology, which occupies a silicon area of 475 µm Â 275 µm. It was measured with chip-on-board (COB) from a single supply of 1.8 V, mainly by an Agilent E5042A Signal Source Analyzer. The measurement photographs of the bonded chip and the testing PCB are shown in Fig. 6 , respectively.
The measured V-to-f tuning curve for the proposed VCO is given in Fig. 7 , from which it can be found that a frequency tuning range of 1.57∼2.76 GHz is achieved.
Measured phase noise is shown in Fig. 8 , where phase noises of −91.12 dBc/Hz@1 MHz and −63.42 dBc/Hz@1 kHz from an oscillating frequency of 2.13 GHz are achieved.
The figure-of-merit (FOM) is widely used to evaluate the comprehensive performance of a VCO. In consideration of the frequency tuning range (FTR), the FOM T can be written as FOM T ¼ ÀLðÁfÞ À 10 log
where f 0 , Áf, LðÁfÞ, P DC and FTR are the oscillator frequency, the offset frequency, the phase noise, the power consumption and the frequency tuning range respectively. Therefore, the FOM T of the proposed VCO can be calculated as 164.5 dBc/Hz and 193.6 dBc/Hz, corresponding to the offset frequencies of 1 MHz and 1 kHz from the oscillating frequency of 2.13 GHz, respectively. For the sake of different comparison, the FOM without FTR is also added in Table I .
The performance for the proposed inductorless ring VCO is summarized in Table I , in which the performances for several previously reported inductorless ring VCOs are also given for comparison. It can be easily found the proposed VCO achieves excellent performance. Besides, in order to make a fair comparison among various VCOs under different supply voltages, the fractional version of MTVR in the percentage format, MTVR (%), which is defined as MTVR divided by the supply voltage, is employed.
Conclusion
A novel 4-stage inductorless pseudo-differential ring VCO with wide tuning range and extended MTVR is proposed and fabricated in standard 0.18 µm CMOS technology. By combining two kinds of tuning techniques, the MTVR for the proposed VCO can be improved significantly. Measurement results show, from a supply voltage of 1.8 V, an oscillation frequency range of 1.57∼2.76 GHz, a phase noise of −91.12 dBc/Hz@1 MHz and an extended MTVR can be achieved. 
